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Abstract 
The purpose of this study was to explore effects of high frequency electrical stimulation 
(HFS) on pain mechanisms among healthy individuals. Findings suggested that HFS 
produced hyperalgesia (increase in sensitivity) on the conditioned forearm and analgesia 
(decrease in sensitivity) on the forehead and feet. These findings suggest that three 
underlying pain mechanisms (peripheral sensitisation, central sensitisation, and diffuse 
noxious inhibitory controls) are affected by HFS. However, analgesia to pressure-pain 
on the ipsilateral (to the HFS conditioned forearm) forehead was absent in the present 
study. Also, blink reflex activity elicited by large surface electrodes, as an 
electrophysiological measurement to study central processing of nociception and 
sensitisation, did not respond to HFS conditioning. Thus, no corresponding result of 
HFS conditioning was observed between psychophysical response and blink reflex 
activity. Several factors, might be contributing to these non-significant findings, were 
discussed at the end.  
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Effects of High Frequency Electrical Stimulation on Pain Mechanisms in Humans 
 The World Health Organization (1946) defines health as “…a state of complete 
physical, mental and social wellbeing, not merely the absence of disease of infirmity”. 
From our experience, we know that these three factors (physical, mental and social 
wellbeing) contributing to good health are generally not independent from each other. 
Especially from a biopsychosocial perspective, good health can be largely affected by 
the interaction among biological, psychological and social factors. For people who are 
experiencing chronic pain or suffering pain disorders, it is more likely that their 
physical condition would also have an adverse effect on their mental functioning and 
social wellbeing. Chronic pain has become a serious public issue and many studies have 
confirmed that chronic pain has impacts on psychological health, daily activities, 
employment and financial wellbeing (Blyth et al., 2001; Breivik, Collett, Ventafridda, 
Cohen, & Gallacher, 2006; Gatchel, 2004; Schopflocher, Taenzer, & Jovey, 2011). For 
instance, a large-scale telephone survey was undertaken among 15 European countries 
and 19% of 46,394 respondents (aged between 18 and 81 years old, mean age of 
participants was 49.4 years) reported suffering chronic pain (the pain had lasted over six 
months and they had experienced pain in the last month and several times during the 
last week prior to the survey) (Breivik et al., 2006). Moreover, subsequent in-depth 
interviews with them showed that 21% of 4,839 respondents had been diagnosed with 
depression because of their pain, which also caused other interference with their daily 
activities, such as unable to work outside the home or losing their job (Breivik et al., 
2006). This is just one of many chronic pain research studies in industrialised countries 
showing that pain is for many people in different age groups and it can have negative 
impacts on many aspects of a person’s life (Blyth et al., 2001; Bouhassira, Lantéri-
  
9 EFFECTS OF HIGH FREQUENCY ELECTRICAL STIMULATION 
 
Minet, Attal, Laurent, & Touboul, 2008; Breivik et al., 2006; Schopflocher et al., 2011; 
Verhaak, Kerssens, Dekker, Sorbi, & Bensing, 1998).  
Therefore, trying to understand the abnormal pain mechanisms, which are 
causing the chronic pain symptoms, is important in order to develop efficacious 
treatments for physical distress related to pain disorders. However, before we could do 
that, we need to have a thorough understanding of the normal pain mechanisms in order 
to compare to, and understand the abnormal pain mechanisms. Thus, one focus of the 
pain-related research has been on clarifying the pain mechanisms among healthy 
people, such as trying to understand that how pain signals are initially detected, 
transmitted and perpetuated, what are the factors could influence people’s experience of 
pain and how these mechanisms would change when different types of stimulation 
(such as mechanical or heat stimulation) presented at different body areas.   
Pain Mechanisms 
 Pain can vary in intensity (such as mild, moderate, or severe), quality (such as 
sharp, burning, or dull), duration (such as transient, intermittent, or persistent) and 
referral (such as superficial, deep, localised, or diffuse), and there are four primary types 
of pain: nociceptive pain (caused by noxious peripheral stimuli), inflammatory pain 
(inflammation caused by tissue damage at the cellular level), neuropathic pain (caused 
by peripheral nerve damage or spinal cord injury), and functional pain (abnormal 
processing of the nervous system) (Woolf, 2004).     
Historically, several theories were proposed to explain pain. For example, the 
specificity theory suggested that specific pain receptors in body tissue projected to a 
pain centre in the brain. In contrast, the pattern theory suggested that stimulus intensity 
and central summation were the critical determinants of pain; whereas later, the gate 
control theory suggested that the spinal cord contained a neurological “gate” that 
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modulated the flow of pain signals to the brain (Melzack & Wall, 1965). Some of the 
more recently identified pain mechanisms will be discussed later, such as the peripheral 
sensitisation, central sensitisation and analgesia, and diffuse noxious inhibitory controls 
(DNIC).  
Nerve Fibres 
Before I could discuss some specific pain mechanisms, there is a need to briefly 
describe the peripheral nerve fibres in our skin. Generally, there are three types of 
peripheral nerve fibres, the sensory nerve fibres (afferent fibres), the motor nerve fibres 
(efferent fibres), and the autonomic nerve fibres (autonomic fibres) (Landon, 1976). 
Afferent neurons carry nerve impulses from receptors or sense organs towards the 
central nervous systems whereas efferent nerves carry nerve impulses away from the 
central nervous system to effectors such as muscles or glands (Landon, 1976; Saylor, 
2011). Afferent neurons terminate in the dorsal horn of the spinal cord, which is the first 
site of synaptic transfer in the nociceptive pathway(Costigan & Woolf, 2000). 
The peripheral nerve fibres can be classified into three major groups based on 
their diameter: the A group, the B group and the C group (Human Anatomy, 2011; 
Landon, 1976). There are four major types of A group fibres: A-alpha (!), A-beta ("), 
A-gamma (#) and A-delta ($) fibres, but as only A-beta and -delta fibres carry sensory 
information such as touch, temperature and pressure they are the main focus in pain-
related research (Boddunan, 2010). A-beta fibres are large myelinated sensory neurons 
that detect innocuous stimuli applied to skin, muscle and joints and they generally do 
not contribute to pain whereas thinly myelinated A-delta fibres detect nociceptive and 
thermal stimuli (Julius & Basbaum, 2001; Scholz & Woolf, 2002).  The myelin layer of 
A group nerve fibres increases the speed at which impulses carrying sensory 
information propagate along the fibres, but for unmyelinated C group fibres 
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(transducing the nociceptive and thermal stimuli), impulses move continuously as 
waves and more slowly compared to the myelinated fibres (Julius & Basbaum, 2001; 
Scholz & Woolf, 2002). Therefore, we usually feel sharp and acute sensations first 
(impulses travelling fast by A group fibres), and then the delayed diffuse dull sensations 
(impulses travelling less fast by C group fibres).  
Primary and Secondary Hyperalgesia 
The current study largely relates to two pain mechanisms: hyperalgesia (increase 
in sensitivity to painful stimuli) and analgesia (decrease in sensitivity to painful 
stimuli).  
Hyperalgesia is defined as “a state of increased intensity of pain sensation 
induced by either noxious or ordinarily non-noxious stimulation of peripheral tissue” 
(Hardy, Wolff, & Goodell, 1950, p. 115). In order to better understand different pain 
conditions caused by hyperalgesia, chemical, thermal, mechanical and electrical 
experimental models applied to different areas in human skin have been developed to 
investigate different pain symptoms induced by different stimuli and mechanisms (Ali, 
Meyer, & Campbell, 1996; Baumann, Simone, Shain, & LaMotte, 1991; Culp, Ochoa, 
Cline, & Dotson, 1989; Kilo, Schmelz, Koltzenburg, & Handwerker, 1994; Magerl, 
Fuchs, Meyer, & Treede, 2001; Raja, Campbell, & Meyer, 1984; Sumikura, Andersen, 
Drewes, & Arendt-Nielsen, 2006; Vo & Drummond, 2012, 2013).  
Two types of hyperalgesia have been identified: primary and secondary 
hyperalgesia. Primary hyperalgesia, also referred to as peripheral sensitisation, occurs at 
the site of injury area and is characterised by a lowered pain threshold and increased 
pain sensibility to both heat and mechanical stimuli (such as pinprick, brush, punctate or 
blunt stimuli) (Culp et al., 1989; Hardy et al., 1950; Kilo et al., 1994; LaMotte, Shain, 
Simone, & Tsai, 1991; Raja et al., 1984). In general, primary hyperalgesia is thought to 
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be due to an enhanced responsiveness or sensitisation of the nociceptors (the A-delta 
and C-fibres) that signal pain. Common ways to evoke primary or secondary 
hyperalgesia in animals or in humans are using laser thermal stimulator or electrical 
stimulation with low frequencies (0.5 to 2 Hz) or with bursts of very high frequency 
(100 Hz) (Klein, Magerl, Hopf, Sandkühler, & Treede, 2004; Klein, Stahn, Magerl, & 
Treede, 2008; Sluka, Judge, McColley, Reveiz, & Taylor, 2000; Vo & Drummond, 
2012, 2013). For example, in order to study primary hyperalgesia, Meyer, Ringkamp, 
Campbell, and Raja (2005)  induced a controlled heat injury on the hand and recorded 
the neural activity from nociceptors (A-fibres and C-fibres) that responded to both 
mechanical and heat stimuli and they found that burn injuries caused sensitisation of 
both A-fibres and C-fibres.  
On the other hand, secondary hyperalgesia, also referred to as central 
sensitisation, occurs in undamaged skin adjacent to the site of injury and is 
characterised by increased pain sensibility to mechanical stimuli (but not heat stimuli) 
(Ali et al., 1996; LaMotte et al., 1991; Raja et al., 1984). For example, Raja, Campbell, 
and Meyer (1984) used a laser thermal stimulator to apply heat stimuli and harmless 
burns to two spots (20 mm apart) on the skin of participants’ hand and found that 
hyperalgesia to the pinprick mechanical stimuli was present at the site of burn (primary 
hyperalgesia) and also in the surrounding area (secondary hyperalgesia), but 
hyperalgesia to the heat stimuli occurred only at the site of the burn. The findings 
indicated that the characteristics of primary and secondary hyperalgesia may differ and 
they also suggested that the mechanisms for hyperalgesia to mechanical and heat stimuli 
may differ as well (Raja et al., 1984). More recent research has demonstrated that 
sensitisation of the peripheral nociceptors does not account for secondary hyperalgesia; 
rather, it is due to changes in the central processing of nociceptive information (Meyer 
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et al., 2005). Moreover, two types of secondary hyperalgesia to mechanical stimuli have 
been observed, one is to light touch, also referred to as allodynia, and the other one is to 
punctate stimuli (Meyer et al., 2005; Ziegler, Magerl, Meyer, & Treede, 1999). For 
instance, Ziegler et al. (1999) conducted a study to investigate the relative contributions 
of A- and C-fibres to secondary hyperalgesia and found that, when A-fibres were 
blocked by pressure at the wrist while C-fibres were still unaffected, the capsaicin-
induced pain for healthy participants was equal in magnitude to the pain produced 
without a nerve block but no hyperalgesia to punctate stimuli could be detected. After 
the block had been released, punctate hyperalgesia was found to be fully developed. 
Thus, they suggested that secondary hyperalgesia to punctate stimuli was induced by 
nociceptive C-fibres discharge but mediated by nociceptive A-fibres.   
Analgesia 
 In contrast to hyperalgesia, analgesia refers to a decreased sensitivity usually 
observed remotely from a painful stimulus. It used to be called counter-irritation 
phenomenon, which is the “paradoxical pain-relieving effects of pain elicited from 
heterotopic body areas” (Willer, Roby, & Bars, 1984, p. 1096). An interesting example 
could be using cold-induced pain applied to the hand to relieve dental pain (Melzack, 
Guite, & Gonshor, 1980). This phenomenon, known as the diffuse noxious inhibitory 
controls (DNIC) refers to the inhibited activity of pain-signalling neurons in the spinal 
dorsal horn and in trigeminal nuclei by noxious stimuli applied to body areas far remote 
from the excitatory field of these neurons (Kakigi, 1994; Knudsen & Drummond, 2009, 
2011; Lautenbacher, Roscher, & Strian, 2002; Schliessbach et al., 2012; Villanueva, 
Peschanski, Calvino, & Le Bars, 1986; Vo & Drummond, 2012, 2013).  
 Recently, cold- or electrical-induced limb pain has consistently demonstrated a 
decrease in sensitivity to pressure-pain sensations in the forehead especially on the same 
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side of the affected limb (Knudsen & Drummond, 2009, 2011; Vo & Drummond, 2012, 
2013). For example, Knudsen and Drummond (2009) investigated the effect of 
unilateral limb pain on sensitivity to pain on each side of the forehead of healthy 
participants and showed that analgesia to pressure pain was greater in the ipsilateral 
forehead. Also, Vo and Drummond (2013) investigated whether healthy participants’ 
analgesic response is induced by ultraviolet B radiation (UVB, triggers signs of 
peripheral sensitisation) or high frequency electrical stimulation (HFS, triggers signs of 
both peripheral and central sensitisation) and demonstrated that ipsilateral forehead 
analgesia developed after HFS but not UVB conditioning. This suggests that ipsilateral 
analgesia was not due to peripheral sensitisation because it failed to develop after UVB 
conditioning.   
 Vo and Drummond (2012) have suggested one possible explanation for this 
ipsilateral pain analgesia that, previous research has showed that electrical stimulation 
of nociceptive fibres (A-delta and C fibres) could trigger a pain inhibitory mechanism 
descending from the locus coeruleus (LC) in the brain and this pain inhibitory 
mechanism suppresses nociceptive activity at all segmental levels of the spinal cord via 
noradrenergic projections (Hitoto, Tsuruoka, Hiruma, & Matsui, 1998; Rahman, 
D’Mello, & Dickenson, 2008). In experiments on rats, Tsuruoka, Hitoto, Hiruma, and 
Matsui (1999) found that unilateral hindpaw inflammation produces an increase of the 
noradrenaline level from the LC in the dorsal horn ipsilateral, but not contralateral, to 
the site of inflammation, which suggest that descending modulation from LC was active 
only ipsilaterally to the inflamed paw (Tsuruoka, Matsutani, & Inoue, 2003; Tsuruoka 
& Willis Jr, 1996; Tsuruoka & Willis, 1996). Therefore, it is possible that the same 
mechanism produces the ipsilateral forehead analgesia in humans. 
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Blink Reflex 
The blink reflex, as a non-invasive way of studying trigeminal transmission in 
humans, can be an objective electrophysiological measurement to study central 
processing of nociception and sensitisation. Using electrical or laser radiant heat 
stimulation of the trigeminal supraorbital nerve (which courses across the forehead) is 
one common way to elicit blink reflexes in humans (Blumenthal et al., 2005; Ellrich, 
Bromm, & Hopf, 1997; Ellrich & Treede, 1998; Giffin, Katsarava, Pfundstein, Ellrich, 
& Kaube, 2004; Vo & Drummond, 2012).  
The blink reflex evoked by electrical stimulation usually consists of an early, 
ipsilateral to the stimulated site R1 component with an onset latency of 11 ms and two 
late, bilateral R2 and R3 components, with onset latencies of 33 and 84 ms, respectively 
(Ellrich & Hopf, 1996; Hopf, 1994; Kimura et al., 1994; Rossi, Risaliti, & Rossi, 1989). 
Previous research has investigated the individual components of the blink reflex by 
selectively activating the nociceptive fibres (such as the A-delta and C fibres). For 
example, Ellrich et al. (1997) conducted a study to investigate whether the R2 was 
mediated by activation of tactile or nociceptive afferents. And the result showed that 
both R1 and R2 were evoked by innocuous stimuli but only the R2 was also evoked by 
selective activation of nociceptive fibres. Further evidence shows that R2 is mainly 
mediated via wide dynamic range (WDR) interneurons (which can be activated by 
innocuous and noxious mechanical stimuli) and R1 is relayed by low threshold 
mechanoreceptive (LTM) neurons (which respond just to innocuous mechanical stimuli) 
(Ellrich & Treede, 1998; Willis, 2004). The R3 component of the blink reflex is mainly 
evoked by the cutaneous A-beta stimulation rather than a nociceptive response (Ellrich 
& Hopf, 1996; Rossi et al., 1989; Téllez, Axelrod, & Kaufmann, 2009). Therefore, 
pain-related research generally focuses on the R2 component of blink reflex and the 
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outcomes indicate that the activities of R2 latency and its integrated amplitude (area 
under the curve or AUC) depend on stimulus type and intensity (Ellrich & Hopf, 1996; 
Ellrich & Treede, 1998; Kaube, Katsarava, Käufer, Diener, & Ellrich, 2000; Kaube et 
al., 2002). For example, Kaube et al. (2000) compared two types electrodes to elicit 
blink reflexes and demonstrated that the modified concentric electrodes (designed to 
enable high current density at low current intensity and selectively activated superficial 
nociceptive fibres), evoked R2 component only, but not R1.   
Aims and Hypotheses 
 This study addressed the following research questions: 1. Does HFS produce 
hyperalgesia on the conditioned forearm? 2. Does HFS produce analgesia to pressure-
pain on the ipsilateral forehead? 3. Does HFS produce analgesia to pressure-pain on the 
ipsilateral foot? 4. Does HFS produce inhibition of ipsilateral blink reflexes elicited by 
large surface electrodes?     
Forearm 
The first aim of this study was to compare sensitivity changes in the primary and 
secondary areas to sharpness, heat and pressure-pain on the conditioned forearm before 
and after the HFS conditioning. Based on past research (Culp et al., 1989; Hardy et al., 
1950; Vo & Drummond, 2012), it was hypothesised that HFS would produce 
hyperalgesia to mechanical (sharp and pressure-pain) and heat stimuli in the primary 
area of the conditioned forearm. Also, as demonstrated by previous research related to 
the development of secondary hyperalgesia (Ali et al., 1996; Raja et al., 1984; Vo & 
Drummond, 2013), it was hypothesised that HFS would produce hyperalgesia to 
mechanical stimuli, but not to heat stimuli in the secondary area of the conditioned 
forearm.  
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Forehead 
The second aim was to compare the sensitivity changes of both sides of the 
forehead before and after the HFS conditioning on the forearm. It was expected to see a 
bilateral analgesia on both sides of the forehead due to the diffuse noxious inhibitory 
controls (DNIC) phenomenon. Particularly, as discussed earlier, we expected to observe 
the development of the ipsilateral reduction in pain due to the HFS-triggered ipsilateral 
pain inhibitory mechanism descending from the locus coeruleus (LC), which had been 
established in previous research (Knudsen & Drummond, 2009, 2011; Vo & 
Drummond, 2012, 2013). Thus, it was hypothesised that HFS conditioning would 
produce analgesia to pressure-pain stimuli on the ipsilateral forehead. 
Foot 
The third aim was to compare the sensitivity changes of the foot before and after 
HFS conditioning on the forearm. As we expected to see similar changes on the feet due 
to the same pain mechanisms determining sensation changes on the forehead, it was 
hypothesised that HFS conditioning would produce analgesia to pressure-pain stimuli 
on the ipsilateral foot.  
Blink Reflex 
Vo and Drummond (2012) conducted a study to investigate changes in body 
sensations and blink reflexes elicited by concentric electrodes after HFS conditioning on 
the forearm. Interestingly, they found a dissociation between forehead ipsilateral (to 
HFS conditioned forearm) analgesia to pressure-pain and ipsilateral facilitation of blink 
reflexes after HFS conditioning (i.e. the integrated amplitude (area under the curve or 
AUC) of R2 ipsilateral to HFS conditioning was significantly greater than the 
contralateral side AUC). They attributed this dissociation to the different nerve fibres 
activated by the algometer (testing the pressure-pain threshold) and concentric 
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electrodes (eliciting blink reflexes) that the algometer activated deeper nerve fibres (A-
beta fibres) but, according to Kaube et al. (2000), only superficial nociceptive A-delta 
and C-fibres (but not A-beta fibres) would be activated by concentric electrodes. 
Therefore, instead of using concentric electrodes, the current study used large 
surface electrodes (26x34 mm) and a stronger current level (7.5 mA) to elicit blink 
reflexes in order to activate the A-beta nerve fibres in deeper skin layers (Kaube et al., 
2000). A large skin-electrode contact area was to ensure that an adequate amount of 
current would flow into the stimulated skin area and according to Kaube et al. (2000), 
current level beyond 2 mA would result innocuous stimulation of A-beta fibres. Thus, 
by using the large surface electrodes to activate deep nerve fibres, we expected to 
observe an inhibitory effect of HFS on blink reflex activity, contradicting to the 
facilitatory effect of HFS when using concentric electrodes to evoke blink reflexes.  
  Thus, the last aim of the current study was to compare the excitability of blink 
reflexes elicited ipsilateral and contralateral to the HFS conditioned forearm. The 
excitability of blink reflexes was measured in terms of the onset latency and the AUC of 
R2 component of blink reflexes. Based on the ipsilateral pain inhibitory mechanism 
discussed above and our expectation that HFS would produce an inhibitory effect, it 
was hypothesised that the onset latency of R2 for blink reflexes that were ipsilateral 
both to supraorbital stimuli (blink reflex stimulation) and the conditioned forearm site 
(HFS stimulation) would be longer (reacting slower) than the latency to the contralateral 
HFS conditioned side. Also, it was hypothesised that R2 AUC for blink reflexes that 
were ipsilateral both to supraorbital stimuli and the conditioned forearm site would be 
smaller (reacting less in amplitude) than AUC to the contralateral HFS conditioned side, 
indicating a development of an ipsilateral inhibitory effect of HFS conditioning.   
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Method 
Participants 
The participants were nine males and 17 females aged between 18 and 51 years, 
recruited from the Murdoch University School of Psychology. They were awarded 
credit points for their participation. Exclusion criteria included pregnancy, 
breastfeeding, acute or chronic pain, diabetes, heart disease, epilepsy or other long-term 
medical condition.  Participants gave their written informed consent for the procedures, 
which were approved by the Murdoch University human research ethics committee.   
Procedures 
All experiments were conducted by the same experimenter (SK) in a laboratory 
(maintained at 21 ± 1°C) at Murdoch University. Participants sat in a comfortable 
armchair throughout the experiment.  
One ventral forearm (right or left side) area was assigned as the test site and the 
laterality of the test site was counterbalanced across participants to minimise the order 
effect. To minimise skin electrical resistance, the participant was asked at the beginning 
of the experiment to gently clean the test site (with a pumice stone), which was then 
rinsed with water and dried with paper towel.  
Psychophysical tests. Sensations were investigated at the test site (ventral area 
of the forearm), the forehead and an outer side area of the dorsum (equidistant from the 
ankle and the toes) of both feet. For the forearm area, the test site was assigned as the 
primary area and an area 1 cm distal to the primary area was assigned as the secondary 
area. For the forehead, sensations were investigated on an equivalent area on both sides. 
Similarly, sensations were investigated on an equivalent area of both feet.             
Rating scale. Participants reported pain, sharpness, or heat using a verbal rating 
scale ranging from 0 to 10. Zero indicated “no pain”, “not sharp”, or “not hot” at all and 
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ten indicated “extreme pain”, “extremely sharp”, or “extremely hot” depending on 
which sensation was being tested. Prior to conducting the baseline psychophysical tests, 
the participant was tested for few trials to differentiate ratings for various sensations.  
Sharpness. To investigate sensitivity to mild sharpness, a 10 g von Frey’s 
monofilament (Neuro-pen, Owen Mumford, USA) was applied perpendicularly to the 
skin surface with sufficient pressure to bend the monofilament for one second. To 
measure sensitivity to more intense sharpness, a sharp tip (pinprick) with a calibrated 
spring mechanism exerting a force of 40 g (Neuro-pen, Owen Mumford, USA) was 
applied perpendicularly to the skin surface for two seconds.      
Heat. To investigate sensitivity to heat, a 1.5 cm diameter metal probe heated to 
forty-four ± 0.2 °C was placed at the site for seven seconds.    
Pressure pain threshold (PPT). To investigate sensitivity to pressure-pain, an 
algometer (FDX, Wagner Instruments, USA) with a modified 8 mm diameter 
hemispheric rubber tip was applied perpendicularly to the site at 100 g/second until the 
participant reported starting to feel pain.  
To minimise order effects, the psychophysical tests were conducted with each 
stimulus (mild sharpness, more intense sharpness, heat, and pressure-pain) being 
applied in runs alternating between the primary and the secondary areas of the test site, 
between the two sides of the forehead, and between the feet. Also, the side tested first 
alternated between each side of the forehead, and between each foot in counter-balanced 
order across participants. To minimise effects of repeated resting, each test was 
performed only once in each round. 
Blink reflex procedure. After the psychophysical tests, the participant was 
prepared for the blink reflex procedure. The stimulating electrodes were diagnostic 
resting ECG surface electrodes, (SKINTACT RT-74, 26x34 mm, Leonhard Lang Ltd, 
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UK). On each side of the forehead, a surface electrode was attached to the supraorbital 
region and a ground electrode was attached at the outer side of the surface electrode 
with a distance about 2 cm. The blink reflexes were recorded bilaterally using modified 
disposable Cleartrode electrodes (ConMed Corporation, USA) attached over the 
orbicularis oculi muscles of the lower eyelid and the outer corner of each eye and a 
ground electrode was attached behind the right ear. Electromyography signals were 
amplified with an electromyographic bio-potential amplifier (Biopac Systems, Inc., 
USA), digitized by an MP100 Biopac Systems Analogue/Digital Channel receptor at 
2,000 Hz (Biopac Systems, Inc., USA) and displayed on a computer monitor using 
AcqKnowledge software (Biopac Systems, Inc., USA). 
To elicit blink reflexes, two series of electrical stimuli were applied at a current 
of 7.5 mA. Each series consists of 10 monopolar square-wave electrical stimuli at 15-
second intervals to minimise habituation. The stimulus was a 3-pulse train with 0.5 ms 
pulse duration, and an inter-pulse interval of 5 ms. Triple-pulse stimulation increases 
the sensation of pain and facilitates the R2 area under the curve (R2 AUC), and is thus 
more suited to examine nociceptive pathways than single pulses (Giffin et al., 2004). 
Participants rated pain on the 0-10 scale after each supraorbital stimulus. Within each 
series, an equal number of stimuli were administered on each side of the forehead. 
Stimulus administration alternated between sides such that no more than two stimuli 
were delivered sequentially on the same side in order to minimise habituation.  
High frequency electrical stimulation (HFS). The HFS was applied to the 
primary area of the test site. The electrical stimuli were generated by a constant current 
stimulator (DS7A; Digitimer, Welwyn Garden City UK) and delivered via a custom-
built electrode that consisted of 24 copper pins with 0.2 mm diameter tips mounted on a 
2 cm x 3 cm perspex block such that the tips projected 0.5 mm from the surface of the 
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block. Electrodes with these properties preferentially activate superficial nociceptive A-
delta and C fibres (Nilsson et al, 1997; Inui et al., 2000).  
Electrical detection threshold (EDT). The EDT was determined first before 
applying the HFS conditioning, used the method of limits for two ascending and two 
descending sets of single pulses at 2 ms pulse width and an inter-pulse interval of five 
seconds (Vo & Drummond, 2013). The stimulus intensity, starting at 0.1 mA, increased 
in steps of 0.1 mA until the participant perceived the stimulus, and then decreased in 
steps of 0.05 mA until the stimulus was no longer perceived (Vo & Drummond, 2013). 
The procedure was then repeated. The EDT was defined as the mean of the four 
stimulus intensity levels. 
 After the EDT was determined for both arms, one-second burst of electrical 
stimulation (100 Hz, 2 ms pulse width, at 10 times EDT up to a maximum 8.5 mA) was 
applied at the primary area on the test site. The participant rated pain on the 0-10 scale 
after the stimulation. Then, HFS conditioning was applied at the same area. This 
consisted of five one-second bursts of electrical stimulation (100 Hz, 2 ms pulse width, 
at 10 times EDT up to a maximum 8.5 mA) with a nine-seconds rest between each burst 
(Klein et al., 2008; Lang et al, 2007). Five minutes later, another one-second burst of 
electrical stimulation (100 Hz, 2 ms pulse width, at 10 times EDT up to a maximum 8.5 
mA) was applied again at the same area. The participant rated pain again on the 0-10 
scale after the stimulation.  
After five minutes rest, the psychophysical tests were re-conducted at the 
forearm (primary and secondary areas), on each side of the forehead and on each foot. 
Finally, the blink-reflex procedure was repeated again, in which two series of 
supraorbital stimuli were administered as previously described (See Appendix A for the 
timeline of the procedures).      
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Data Filtering and Reduction 
The electromyographic waveforms were filtered to remove 50 Hz electrical 
noise and frequencies below 20 Hz. For each blink reflex, the R2 rectified area under 
the curve (AUC) was measured between 27 and 87 ms after the stimulus onset (Ellrich 
& Treede, 1998). In addition, the R2 AUC of all blink reflexes before and after HFS 
conditioning was expressed as the percentage of the AUC of blink reflexes administered 
at baseline (before HFS conditioning) to compare the changes. 
Statistical Analyses 
Assessment of primary and secondary hyperalgesia. Changes in sensitivity to 
sharpness (mild and more intense), heat, and pressure-pain at the primary and secondary 
areas across time (before and after HFS conditioning) were investigated in repeated-
measures analyses of variance (ANOVA). After all the repeated-measures analyses, 
student’s t-tests were then used to investigate significant interactions by assessing 
changes in each sensation at the primary and secondary areas across time.     
 Forehead sensitivity. Changes in sensitivity to sharpness (mild and more 
intense), heat and pressure-pain between the two sides of the forehead and across time 
(baseline and after HFS conditioning) were investigated in repeated-measures analyses 
of variance.  
Pain ratings to electrical stimuli on the forearm. Changes in pain ratings to 
the one-second burst of electrical stimuli at the primary areas across time (before and 
after HFS conditioning) were investigated in repeated-measures analysis of variance.     
 Blink reflex tests. Based on the laterality to the HFS-treated site and to the 
supraorbital stimulus, the blink reflexes were classified into “ii” (ipsilateral to both the 
HFS-treated site and supraorbital stimulus), “cc” (contralateral to both the HFS-treated 
site and supraorbital stimulus),“ic” (ipsilateral to the HFS-treated site and contralateral 
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to the supraorbital stimulus) and “ci” (contralateral to the HFS-treated site and 
ipsilateral to the supraorbital stimulus).  
Pain ratings to supraorbital stimuli. Changes in pain ratings to supraorbital 
electrical stimuli across time (before and after HFS conditioning), and in relation to the 
laterality of the supraorbital stimuli (ipsilateral or contralateral to the HFS-treated site) 
were investigated in a repeated-measures analysis of variance.   
 Changes in latency. Onset latencies of R2 responses were measured for each 
stimulus after rectification of the raw waveform. Changes in R2 latency before and after 
HFS conditioning were investigated in a repeated-measures analysis of variance in 
relation to the laterality of the HFS conditioning (ipsilateral or contralateral to the HFS-
treated site) and the laterality of blink reflexes (ipsilateral or contralateral to supraorbital 
stimulation). Student’s t-test was used to explore interactions in relation to the latency 
changes before after HFS conditioning.   
Changes in AUC. Changes in R2 AUC before and after HFS conditioning were 
investigated in a repeated-measures analysis of variance in relation to the laterality of 
the HFS conditioning (ipsilateral or contralateral to the HFS-treated site) and the 
laterality of blink reflexes (ipsilateral or contralateral to supraorbital stimulation). 
Student’s t-test was used to explore interactions in relation to the AUC changes before 
and after HFS conditioning.   
Results 
Assumption Testing for ANOVA 
Statistical analyses were carried out to test that the data complied with the 
assumptions that underlie ANOVA. Normality of scores (for each psychophysical test, 
R2 latency and R2 AUC before and after HFS) were first assessed using Shapiro-Wilk 
and boxplots; and extreme scores denoted by an asterisk were treated as outliers and 
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removed before running ANOVA analyses (see Appendix B for the list of the removed 
outliers). After removed the outliers, visual inspection of all the boxplots indicated that 
there were still deviations observed from the norm but none of them were severe 
departures from normality. Because ANOVA is quite robust against moderate violations 
of normality, those violations of norms were not considered to be a threat to the 
interpretation of parametric statistics.  
Homogeneity of variance (for each psychophysical test, R2 latency and R2 AUC 
before and after HFS) was assessed by the Fmax test (largest sample variance2/smallest 
sample variance2). According to Tabachnick and Fidell (2007), homogeneity of 
variance can be assumed when Fmax is less than 10. Appendix C indicated that the 
homogeneity of variance assumption had not been violated for any test. The Sphericity 
assumption was not applicable for current analyses because each repeated-measures 
factor had only two levels.   
Electrical Detection Threshold (EDT) 
The EDT ranged from 0.75 mA to 1.05 mA (M = 0.43, SD = 0.21). The mean of 
pain ratings of HFS on the treated side was 5.21 (SD = 3.44), and no significant 
difference was found when comparing ratings before and after HFS conditioning.    
Changes in Forearm Sensitivity after HFS conditioning 
 Sharpness sensitivity to von Frey’s monofilament. After conditioning, 
sharpness sensitivity to von Frey’s monofilament increased in both primary and 
secondary areas (main effect for Time F(1, 23) = 4.43, p = .046; main effect for Area 
F(1, 23) = 1.20, p = .285; Time x Area interaction F(1, 23) = 0.75, p = .396) (see Figure 
1). Pain ratings of sharpness to von Frey’s monofilament also increased after HFS 
conditioning in both primary and secondary areas (main effect for Time F(1, 23) = 6.25, 
  
26 EFFECTS OF HIGH FREQUENCY ELECTRICAL STIMULATION 
 
p = .02; main effect for Area F(1, 23) = 3.71, p = .067; Time x Area interaction F(1, 23) 
= 1.15, p = .295) (see Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sharpness sensitivity to pinprick. After conditioning, sharpness sensitivity to 
pinprick increased in both primary and secondary areas but none of the effects that 
 Figure 1. Sharpness rating to von Frey’s monofilament in the forearm before and after HFS.  
*Sharpness ratings to von Frey’s monofilament increased significantly after HFS in primary 
and secondary areas. 
 
   
 
 
 
Figure 2. Pain rating to von Frey’s monofilament in the forearm before and after HFS. 
*Pain ratings to von Frey’s monofilament increased significantly after HFS in primary 
and secondary areas.    
* 
* 
* 
* 
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involved Time or Area was statistically significant (see Figure 3). Pain ratings of 
sharpness to pinprick also increased after HFS conditioning in both primary and 
secondary areas but none of the effects that involved Time or Area was statistically 
significant (see Figure 4; see Appendix D for the summary of all the non-significant 
results).   
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Sharpness rating to pinprick in the forearm before and after HFS.    
 Figure 4. Pain rating to pinprick in the forearm before and after HFS.    
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Pressure pain threshold (PPT). After conditioning, PPT decreased (i.e. the 
sensitivity to blunt pressure increased) in both primary and secondary areas but none of 
the effects that involved Time or Area was statistically significant (see Figure 5). 
 
   
 
 
 
 
 
 
 
 
Heat sensitivity. After conditioning, heat sensitivity increased in the primary 
area and remained quite stable in the secondary area but none of the effects that 
involved Time or Area was statistically significant (see Figure 6). Pain ratings of heat 
increased significantly in the primary area after HFS conditioning but remained stable 
in the secondary area (main effect for Time F(1, 25) = 2.73, p = .111; main effect for 
Area F(1, 25) = 15.54, p = .001; Time x Area interaction F(1, 25) = 7.12, p = .013) (see 
Figure 7). Investigation of the interaction indicated that, before conditioning, there was 
no significant difference between the pain ratings in the primary and secondary area 
(t(25) = 0.83, p = .416), but after conditioning, the pain rating in the primary area was 
higher than the rating in the secondary area (mean difference = 1.19, SD = 1.74, t(25) = 
3.49. p = .002).     
 
 
Figure 5. Pressure pain threshold changes in the forearm before and after HFS.    
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Changes in Forehead Sensitivity after HFS Conditioning 
 Symmetry of forehead sensitivity before conditioning. No significant 
difference was observed in heat, sharpness, or pressure-pain sensitivity between the 
ipsilateral and contralateral (to the side of HFS conditioned forearm) sides of the 
forehead (see Appendix E).  
 
Figure 6. Heat rating in the forearm before and after HFS.    
 
Figure 7. Pain rating to heat sensitivity in the forearm before and after HFS. 
*Pain rating to head sensitivity increased significantly after HFS only in the 
primary area.     
* 
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 Sharpness sensitivity to von Frey’s monofilament. After conditioning, 
sharpness sensitivity to von Frey’s monofilament decreased on both sides of the 
forehead but none of the effects that involved Time or Side was statistically significant 
(see Figure 8). Pain ratings to von Frey’s monofilament also decreased on both side of 
the forehead but none of the effects that involved Time or Side was statistically 
significant (see Figure 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 8. Sharpness rating to von Frey’s monofilament on the forehead before and after HFS.    
 
Figure 9. Pain rating to von Frey’s monofilament on the forehead before and after HFS.    
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Sharpness sensitivity to pinprick. After conditioning, sharpness sensitivity to 
pinprick decreased on both sides of the forehead (main effect for Time F(1,23) = 6.58, p 
= .017; main effect for Side F(1, 23) = 0.39, p = .54; Time x Side interaction F(1, 23) = 
1.78, p = .195) (see Figure 10). Pain ratings to pinprick also decreased after HFS 
conditioning on both sides of the forehead (main effect for Time F(1, 23) = 4.90, p = 
.037; main effect for Side F(1, 23) = 1.00, p = .328; Time x Side interaction F(1, 23) = 
0.033, p = .857) (see Figure 11).        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 10. Sharpness rating to pinprick on the forehead before and after HFS. 
*Sharpness ratings to pinprick decreased significantly after HFS on both sides of 
forehead.    
 Figure 11. Pain rating to pinprick on the forehead before and after HFS.  
*Pain ratings to pinprick decreased significantly after HFS on both sides of 
forehead.   
* 
* 
* 
  * 
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Pressure pain threshold (PPT). After conditioning, the PPT increased (i.e. the 
sensitivity to blunt pressure decreased) on both sides of the forehead but none of the 
effects that involved Time or Side was statistically significant (see Figure 12). 
 
 
 
 
 
 
 
 
Heat sensitivity. After conditioning, heat sensitivity decreased on both sides of 
the forehead (main effect for Time F(1, 25) = 10.91, p = .003; main effect for Side F(1, 
25) = 0.17, p = .683; Time x Side interaction F(1, 25) = 3.03, p = .094) (see Figure 13). 
Pain ratings to heat also decreased on both sides of the forehead (main effect for Time 
F(1, 25) = 4.55, p = .043; main effect for Side F(1, 25) = 0.79, p = .381; Time x Side 
interaction F(1, 25) = 0.12, p = .731) (see Figure 14).   
 
 
 
 
 
 
 
 
 Figure 12. Pressure pain threshold changes on the forehead before and after HFS.    
 Figure 13. Heat rating on the forehead before and after HFS. 
*Heat ratings decreased significantly after HFS on both side of forehead.  
*   * 
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Changes in Foot Sensitivity after HFS conditioning 
Sharpness sensitivity to von Frey’s monofilament. After conditioning, 
sharpness sensitivity to von Frey’s monofilament decreased on both feet (ipsilateral and 
contralateral to the HFS conditioned forearm) but none of the effects that involved Time 
or Side was statistically significant (see Figure 15). Pain ratings also decreased on both 
feet but none of the effects that involved Time or Side was statistically significant (see 
Figure 16). 
 
 
 
 
 
 
 
 
 Figure 14. Pain rating to heat sensitivity on the forehead before and after HFS. 
*Pain ratings to heat sensitivity decreased significantly after HFS on both sides of 
forehead.    
 
Figure 15. Sharpness rating to von Frey’s monofilament on both feet before and after HFS.    
* * 
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Sharpness sensitivity to pinprick. After conditioning, sharpness sensitivity to 
pinprick decreased on both feet but none of the effects that involved Time or Side was 
statistically significant (see Figure 17). Pain ratings also decreased on both feet but none 
of the effects that involved Time or Side was statistically significant (see Figure 18). 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 16. Pain rating to von Frey’s monofilament on both feet before and after HFS.    
 Figure 17. Sharpness rating to pinprick on both feet before and after HFS.    
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Pressure pain threshold (PPT). After conditioning, the PPT increased (i.e. the 
sensitivity to blunt pressure decreased) on both feet but none of the effects that involved 
Time or Side was statistically significant (see Figure 19). 
 
 
 
 
 
 
 
 
 
Heat sensitivity. After conditioning, heat sensitivity decreased on both feet 
(main effect for Time F(1, 25) = 7.41, p = .012; main effect for Side F(1, 25) = 0.09, p 
= .765; Time x Side interaction F(1, 25) = 0.57, p = .456) (see Figure 20). Pain ratings 
also decreased on both feet (main effect for Time F(1, 25) = 4.30, p = .049; main effect 
 Figure 18. Pain rating to pinprick on both feet before and after HFS.    
 Figure 19. Pressure pain threshold changes on both feet before and after HFS.    
  
36 EFFECTS OF HIGH FREQUENCY ELECTRICAL STIMULATION 
 
for Side F(1, 25) = 0.30, p = .589; Time x Side interaction F(1, 25) = 0.00, p = 1.00) 
(see Figure 21).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pain Ratings to Supraorbital Stimuli 
Pain ratings to supraorbital stimuli (blink reflexes elicited by large surface 
electrodes; ipsilateral or contralateral to the HFS conditioned forearm) decreased after 
HFS conditioning on both sides of the forehead but none of the effects that involved 
Time or Side was statically significant (see Figure 22).   
 Figure 20. Heat rating on both feet before and after HFS. 
*Heat ratings decreased significantly after HFS on both feet.    
 Figure 21. Pain rating to heat sensitivity on both feet before and after HFS. 
*Pain ratings to heat sensitivity decreased significantly after HFS on both feet.     
* 
* * 
* 
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R2 Latency  
R2 latency differed significantly in relation to the laterality of supraorbital 
stimuli (ipsilateral or contralateral to supraorbital stimulation) but did not differ in 
relation to the laterality of HFS conditioning (ipsilateral or contralateral to HFS-
conditioned side) before and after HFS conditioning (main effect for Side of 
supraorbital stimulation F(1, 21) = 83.14, p < .001; Side of supraorbital stimulation x 
Time interaction F(1, 21) = 4.31, p = .05; all other effects not significant) (see Figure 
23). Investigation of this interaction indicated that, before HFS, latency_ii was shorter 
than latency_ic (mean difference = -3.01, SD = 2.29; t(21) = -6.14, p < .001), and also 
shorter than latency_cc (mean difference = -3.04, SD = 1.52; t(21) = -9.39, p < .001), 
but did not differ to latency_ci (mean difference = -0.02, SD = 1.94; t(21) = -0.06, p = 
.957). After HFS conditioning, latency_ii was also shorter than latency_ic (mean 
difference = -2.87, SD = 2.03; t(21) = -6.64, p < .001), and also shorter than latency_cc 
(mean difference = -2.78, SD = 1.76; t(21) = -7.40, p < .001), but did not differ to 
latency_ci (mean difference = -0.50, SD = 2.09; t(21) = -1.11, p = .278). T-test was also 
used to compare the latency changes between the ipsilateral side (to supraorbital 
 Figure 22. Pain rating to supraorbital stimuli (blink reflexes elicited by large 
surface electrodes) before and after HFS.    
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stimulation or HFS) before and after HFS, and between the contralateral side (to 
supraorbital stimulation or HFS) before and after HFS (mean difference of ii before and 
after HFS = 0.11, SD = 1.41, t(21) = 0.38, p = .71; mean difference of ic before and 
after HFS= 0.24, SD = 1.29; t(21) = 0.88, p = .39; mean difference of ci before and after 
HFS = -0.36, SD = 1.17, t(21) = -1.44 p = 0.17; mean difference of cc before and after 
HFS = 0.37, SD = 1.33, t(21) = 1.32, p = .20). 
 
 
 
 
 
 
 
 
 
   
 
R2 AUC 
R2 AUC differed significantly in relation to the laterality of supraorbital stimuli 
but did not differ in relation to the laterality of HFS conditioning before and after HFS 
conditioning (main effect for Side of supraorbital stimulation F(1, 23) = 103.31, p < 
.001; all other effects were not significant) (see Figure 24). Investigation of this 
interaction indicated that AUC of the ipsilateral side (to supraorbital stimuli) was larger 
than the contralateral side (mean difference = 0.106, SD = 0.51; t(23) = 10.164, p < 
.001). 
 Figure 23. R2 latency of blink reflexes before and after HFS (ii = ipsilateral to both the HFS-
treated site and supraorbital stimulus; ic = ipsilateral to HFS-treated site and contralateral to the 
supraorbital stimulus; ci = contralateral to the HFS-treated site and ipsilateral to the supraorbital 
stimulus; cc = contralateral to both the HFS-treated site and supraorbital stimulus).   
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Changes in R2 AUC after HFS conditioning. All R2 AUC were increased 
after HFS conditioning (mean increase_ii = 7.38%, SD = 0.21%; mean increase_ic = 
9.17%, SD = 0.23%; mean increase_ci = 8.81%, SD = 0.26%; mean increase_cc = 
9.08%, SD = 0.25%). However, after HFS conditioning, the changes in R2 AUC did not 
differ significantly either in relation to the laterality of supraorbital stimuli or to the 
laterality of HFS conditioning (see Figure 25).  
 
 
 
 
 
 
 
 
 
 Figure 24. R2 rectified area under the curve (AUC) of blink reflexes before and after HFS. 
 
 
Figure 25. R2 AUC change after HFS conditioning expressed as the percentage of the R2 
AUC at baseline (before HFS conditioning). 
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Discussion 
Previous research found a dissociation between pressure-pain sensations and 
blink reflex excitability in the ipsilateral forehead after high frequency electrical 
stimulation (HFS) and the present study was an attempt to clarify these opposing 
findings by using a different form of supraorbital electrical stimulation. The first part of 
this study aimed to explore the effect of HFS on the changes in sensitivity to 
psychophysical stimulation in different areas of the body, and the second part aimed to 
explore the effect of HFS on the excitability of blink reflexes evoked by electrical 
stimulation at the supraorbital region. By comparing the outcomes from the first and the 
second part, we expected to obtain evidence to support our hypothesis that, by using 
large surface electrodes instead of concentric electrodes to elicit blink reflexes, there 
would be an agreement between pressure-pain sensations and blink reflex excitability in 
the ipsilateral forehead after HFS.     
Changes in sensitivity to sharpness, heat, and pressure-pain before and after 
HFS on the forearm, forehead and both feet were compared, and the results partly 
supported the hypothesis that sensitivity would increase at the HFS conditioned test site 
but would decrease in an area remote from the conditioned site. On the other hand, 
when comparing the differences before and after HFS, neither the R2 onset latency nor 
the area under the curve (AUC) of blink reflexes had a significant change, which was 
contrary to our expectations. These findings suggest that the results failed to provide 
evidence to support our hypothesis that HFS would have an inhibitory effect on blink 
reflex activity. These results are now discussed.  
Forearm Sensitivity Changes 
Hypothesis 1: HFS would produce hyperalgesia (increase in sensitivity) to 
mechanical (sharp and pressure-pain) and heat stimuli in the primary area of the 
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conditioned forearm. The findings showed that both the sensation to von Frey’s 
monofilament (mild sharpness) and its pain ratings increased significantly at the 
conditioned test site (primary area) after HFS. Similarly, heat and its pain ratings also 
increased at the conditioned test site after HFS, but only the pain ratings were 
significantly higher after HFS. However, although the sensation to pinprick (more 
intense sharpness) and its pain ratings also increased at the test site after HFS, these 
increases were not statistically significant. Similarly, when comparing pressure pain 
threshold (PPT) differences before and after HFS, there was a decrease (becoming more 
sensitive) at the test site after HFS but the change was not statistically significant.  
In general, the results showed that the conditioned test site became more 
sensitive after HFS. Particularly, the increased sensitivity and pain ratings to von Frey’s 
monofilament provide evidence consistent with the development of primary mechanical 
hyperalgesia. These results agree with previous research using this same conditioning 
technique (Lang, Klein, Magerl, & Treede, 2007; Vo & Drummond, 2012, 2013).  
However, the present study did not demonstrate a clear development of 
primary hyperalgesia to heat stimulation. Some research (Ekblom & Hansson, 1987; 
Lang et al., 2007) using the same HFS conditioning technique also failed to observe 
heat hyperalgesia at the test site after HFS conditioning and they suggested that there 
could be a difference in impulse pattern in the fibres activated by the thermal 
stimulation as compared with the one activated by the pain stimulation (Ekblom & 
Hansson, 1987). In contrast, other studies have confirmed the development of primary 
hyperalgesia to heat sensation after HFS conditioning, just like the primary hyperalgesia 
to mechanical sensations (Culp et al., 1989; Hardy et al., 1950; Kilo et al., 1994; Raja et 
al., 1984; Vo & Drummond, 2012, 2013).  
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Why this effect varies across studies? One possible explanation could be due 
to the different approaches to elicit heat stimuli among different studies. For example, 
Lang et al. (2007) relied on the thermal threshold changes to determine the changes in 
heat sensitivity after HFS conditioning, such as, starting from 32 °C baseline 
temperature with 1 °C per second increase and they did not observe the development of 
primary hyperalgesia to heat stimuli after conditioning. On the other hand, some other 
studies (including the present study) keep the heat stimuli at a fixed but higher 
temperature, and rely on the feedback from the participants to determine whether there 
are changes in heat sensitivity after a certain conditioning. For example, Vo and 
Drummond (2013) used a 44 °C metal probe as the heat stimuli and they demonstrated 
primary heat hyperalgesia after HFS conditioning. Based on past research, gently 
warming the skin activates C-fibre thermoreceptors only, but painful heat stimuli with a 
higher temperature also activate both nociceptive A-delta and C-fibres (Hallin, 
Torebjork, & Wiesenfeld, 1982; Treede, Meyer, RAJA, & Campbell, 1995). Therefore, 
different ways of eliciting heat stimuli in fact activate different types of nerve fibres, 
thus generate different outcomes. As the present study also used the 44 °C metal probe 
to elicit heat stimuli, we expected to replicate findings of Vo and Drummond (2013) but 
we failed to do so (further details to explain the non-significant findings will be 
discussed in the methodological limitations section).    
Interestingly, pain ratings to heat stimulation increased significantly after HFS 
conditioning. This might seem at odds with the non-significant primary heat 
hyperalgesia discussed above. However, there might be a possible reason to explain 
this. As described in the method section, a metal probe with 1.5 cm diameter was placed 
at the test site for seven seconds to access the heat sensation. When the metal probe was 
touching the skin, a mix of sensations was actually activated simultaneously: heat, 
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touch, and probably a blunt pressure as well (because a light force was needed to keep a 
good contact between the metal probe and the skin). Therefore, the pain ratings to heat 
might actually be the pain ratings to a mix of mechanical and thermal stimuli. Thus, the 
increased pain ratings might be providing extra evidence to support the development of 
the primary mechanical hyperalgesia. However, the present study only obtained a non-
significant increase in the sensitivity to pinprick and pressure-pain at the test site after 
HFS, which is in contrast with previous research using the same conditioning technique 
(Lang et al., 2007; Vo & Drummond, 2012, 2013). To explain these non-significant 
findings, several possible reasons will be discussed later in the methodological 
limitations section.       
Hypothesis 2: HFS would produce hyperalgesia to mechanical stimuli, but 
not to heat stimuli in the secondary area of the conditioned forearm. When 
investigating the sensation changes around the HFS conditioned test site (secondary 
area), the findings showed that the sensation to von Frey’s monofilament and its pain 
ratings increased significantly after HFS. The sharpness to pinprick and its pain ratings 
also increased after HFS, but the increase was non-significant. Similarly, when 
comparing PPT differences before and after HFS, there was only a non-significant 
decrease after HFS. On the other hand, heat and its pain ratings remained stable after 
HFS. More important, when comparing the heat and its pain ratings between primary 
and secondary areas, both heat and the pain ratings in the primary area were 
significantly higher than those in the secondary area after HFS whereas the ratings were 
not significant different between these two areas before HFS.  
These findings are important as they provide evidence of the development of 
secondary hyperalgesia (a sign of central sensitisation) to mechanical stimulation but 
not to heat stimulation, which is consistent with previous research using the same 
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conditioning technique (Klein et al., 2008; Lang et al., 2007; Raja et al., 1984; Vo & 
Drummond, 2012, 2013). Furthermore, it also provides evidence that the test site did 
become more sensitive to heat after HFS compared to the area adjacent to the 
conditioned test site, which actually differs from findings of Lang et al. (2007) that HFS 
fails to induce heat hyperalgesia at the conditioned site. However, similar to what was 
observed in primary area, the sensitivity to pinprick and pressure-pain did not change in 
the secondary area after HFS. In other words, the present study did not successfully 
induce secondary hyperalgesia to pinprick and pressure-pain, which is in contrast with 
previous research (Ali et al., 1996; Fuchs, Campbell, & Meyer, 2000; Vo & 
Drummond, 2012, 2013; Ziegler et al., 1999). More details to explain these non-
significant findings will be discussed in the methodological limitations section.    
Forehead Sensitivity Changes 
 Hypothesis 3: HFS conditioning would produce analgesia (decreased in 
sensitivity) to pressure-pain stimuli in the ipsilateral forehead. The findings showed 
that sensations to pinprick and heat as well as their pain ratings decreased significantly 
on both sides of the forehead after HFS. However, although sensation to von Frey’s 
monofilament decreased and the PPT increased (becoming less sensitive) on both sides 
after HFS, the differences were not statistical significant.  
The significant decrease in sensitivity to pinprick and heat stimulation might be 
due to the diffuse noxious inhibitory controls (DNIC) mechanism (Lautenbacher et al., 
2002; Villanueva et al., 1986) or to stress-induced analgesia (Bandura, Cioffi, Taylor, & 
Brouillard, 1988; Gamaro et al., 1998; Kurrikoff, Inno, Matsui, & Vasar, 2008). The 
stress probably came from the painful electrical stimulation on the forearm (HFS 
conditioning) and also on the forehead (supraorbital stimulation) because the mean of 
the pain ratings were 5.21 (SD = 3.44) and 6.06 (SD = 2.04) respectively. The decreased 
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sensitivity is also in agreement with previous research that forehead analgesia has been 
observed after ice-induced, capsaicin-induced, or HFS-induced limb pain (Knudsen & 
Drummond, 2009, 2011; Vo & Drummond, 2012, 2013).  
However, there is a contradiction compared to previous studies. The present 
study only observed a non-significant decrease in sensitivity to pressure-pain on both 
sides of the forehead after HFS and there was no significant difference of pressure-pain 
sensitivity between the ipsilateral and contralateral side of the forehead after HFS. In 
other words, the present study failed to observe analgesia to pressure-pain, especially on 
the ipsilateral side of the forehead after HFS, which has been clearly demonstrated in 
previous studies (Knudsen & Drummond, 2009, 2011; Vo & Drummond, 2012, 2013). 
For example, Knudsen and Drummond (2009) suggested that stress-induced analgesia 
might contribute to the bilateral forehead analgesia and in their study, as higher distress 
ratings were associated with greater forehead analgesia to pressure-pain. In another 
study, a bilateral decrease in sharpness ratings but an ipsilateral analgesia to pressure-
pain was observed on the forehead after painful stimulation of the arm, possible due to 
dissociation between cutaneous (A-delta or C fibres; sharpness sensation) and deep (A-
beta fibres; pressure-pain sensation) central pain pathways (Knudsen & Drummond, 
2011). The present study failed to detect this dissociation as a bilateral decrease in 
sharpness was observed without ipsilateral analgesia to pressure-pain. One possible 
reason could be that, refer to appendix A (the timeline of test procedures), the first 
round blink reflex test was conducted before HFS conditioning, and the second-round 
psychophysical data was collected after HFS conditioning. Therefore, any changes (or 
the stability) of the psychophysical data after HFS might be partly due to the preceding 
supraorbital stimulation on the forehead (eliciting blink reflexes). In addition, the 
position of the electrodes for supraorbital stimulation on both sides of the forehead was 
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actually quite close to the area where the forehead psychophysical data was collected. In 
the present study, larger surface electrodes with a 7.5 mA current were used for the 
supraorbital stimulation in order to activate deeper nerve fibres. Therefore, it is possible 
that the supraorbital stimulation had successfully activated and facilitated deeper nerve 
fibres (A-beta), which in turn, neutralised the analgesic effect to pressure-pain caused 
by the HFS conditioning. In addition, compared with previous research (such as 
concentric electrodes with 2 mA used by Vo and Drummond (2012)), the supraorbital 
stimulation with the 7.5 mA current level was a stronger stimulation which was also 
painful for participants based on their feedback (more than half of them rated five or 
above in the 0-10 pain rating scale). Thus, after the painful supraorbital stimulation, 
primary and secondary hyperalgesia to mechanical stimulation may have developed at 
and surrounding the stimulated area. Therefore, it is possible that the hyperalgesia 
caused by supraorbital stimulation and the analgesia caused by DNIC from the HFS 
conditioned forearm happened together, which eventually cancelled each other. 
However, analgesia to pinprick on the forehead still developed after HFS, which might 
indicate that the supraorbital stimulation did not activate the cutaneous nerve fibres as 
much as the deeper nerve fibres. Because if it did, hyperalgesia to pinprick would be 
developed by the activated cutaneous nerve fibres and then we would not be able to 
observe the analgesic effect to pinprick on the forehead caused by HFS. Therefore, this 
might also provide further evidence that, as we expected, the supraorbital stimulation 
elicited by the large surface electrode with a higher current level did fulfil its purpose, 
which is to activate deeper nerve fibres instead of cutaneous nerve fibres.    
Foot Sensitivity Changes 
 Hypothesis 4: HFS conditioning would produce analgesia to sharpness and 
pressure-pain stimuli on the ipsilateral foot. The findings showed that the sensation 
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to heat and its pain ratings decreased significantly on both feet but there was no 
significant difference between the ipsilateral and contralateral (to the conditioned 
forearm) foot. Although sensations to von Frey’s monofilament and pinprick as well as 
their pain ratings all decreased after HFS, no statistical significant results were 
observed. PPT also increased in both feet after HFS, but the change was not statistical 
significant.  
First of all, bilateral analgesia to heat sensitivity on the feet might be due to the 
DNIC mechanism (similar to the forehead analgesia to heat stimulation). Similar 
findings had been observed before. For example, Watanabe et al. (1996) found that, 
after healthy participants immersed their ipsilateral hand or foot in painful cold or 
painful hot water, there was a significant decrease in pain ratings to laser thermal 
stimulation applied to the leg indicating the development of analgesia to remote painful 
stimuli. However, contrary to previous findings, sensitivity to pinprick and pressure-
pain did not change. Schliessbach et al. (2012) observed an ipsilateral analgesic effect to 
pressure-pain at the second toe after healthy participants immersed their hand in ice-
saturated water. In another study, analgesia to capsaicin-induced and brush-evoked pain 
in the forearm was observed after healthy participants immersed the contralateral foot 
into painful cold water (Witting, Svensson, Arendt-Nielsen, & Jensen, 1998). 
Unfortunately, they did not investigate whether the analgesia effect was unilateral or 
bilateral. But Tuveson, Leffler, and Hansson (2006) identified a bilateral analgesia to 
pressure-pain on both thighs after tourniquet-induced ischemic pain in the left forearm, 
which can be viewed as the evidence to support that lower limb analgesia is a bilateral 
phenomenon. As discussed previously, any changes (or stability) of the second-round 
psychophysical data might be caused by both the supraorbital stimulation on the 
forehead and HFS conditioning on the forearm. Thus, one might expect that there 
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should be a stronger analgesic effect (no matter whether it is bilateral or ipsilateral 
effect) on the feet. It is not clear that why we still failed to observe a clear analgesic 
effect to pinprick and pressure-pain on both feet but more details will be discussed in 
the methodological limitations sections to explain these non-significant results.   
Blink Reflex Changes  
 Pain rating changes before and after HFS. Pain ratings to supraorbital stimuli 
decreased after HFS on both sides of the forehead. This decrease is possibly also due to 
the diffuse noxious inhibitory controls or stress-induced analgesia discussed before and 
it corresponds with the analgesia to pinprick and heat sensation on both sides of the 
forehead. However, there was no significant difference of pain ratings in relation to the 
laterality of supraorbital stimuli or to the laterality of HFS conditioning.   
 R2 latency and AUC changes before and after HFS. The findings showed 
that R2 latency differed significantly only in relation to the laterality of blink reflexes 
but not to the laterality of HFS conditioned site. Before HFS and after HFS, latency of 
R2_ii (ipsilateral to both the HFS-treated site and supraorbital stimulus) was significant 
shorter than R2_ic (ipsilateral to the HFS-treated site and contralateral to the 
supraorbital stimulus), and R2_cc (contralateral to both HFS-treated site and 
supraorbital stimulus), but did not differ significantly from R2_ci (contralateral to the 
HFS-treated site and ipsilateral to the supraorbital stimulus). R2 latency (ii, ic, ci, and 
cc) did not change after HFS. Moreover, the findings also showed that, similar to R2 
latency, R2 AUC differed significantly only in relation to the laterality of blink reflexes 
but not to the laterality of the HFS conditioned site.  
 These findings fail to provide any evidence to support our hypothesis that HFS 
would inhibit the R2_ii latency or R2_ii AUC. Together, the present study did not 
observe any effect of HFS conditioning on the blink reflex activity and it seems that the 
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activity of blink reflexes were predominately affected by the supraorbital stimuli only. 
However, in a similar study conducted by Vo and Drummond (2012), they found a 
dissociation between forehead ipsilateral analgesia to pressure-pain and ipsilateral 
facilitation of blink reflexes (elicited by concentric electrodes) after HFS conditioning. 
As discussed earlier, they attributed this dissociation to the distinct pain mechanisms 
between deep muscle pain evoked response (pressure-pain stimulation) and superficial 
pain evoked response (blink reflex stimulation). If the speculation of Vo and 
Drummond (2012) is true, HFS would have an inhibitory effect on blink reflexes 
(longer R2 latency or smaller R2 AUC) elicited by large surface electrodes as well as 
the forehead analgesia to pressure-pain because both of them are designed to test the 
activity of deep muscle nerve fibres. Unfortunately, neither a facilitatory nor inhibitory 
effect of HFS was observed in the present study.  
Some factors might contribute to this non-significant finding. As discussed 
before, although the purpose of using large surface electrodes was to activate the deep 
A-beta nerve fibres, those electrodes also activated the superficial A-delta and C fibres 
simultaneously. Thus, the final outcome of blink reflex activity was actually a mixed 
result as both deeper muscle and superficial dermal nerve fibres had been activated at 
the same time. Therefore, it is not surprising to see that there is no obvious facilitatory 
or inhibitory effect of HFS conditioning on blink reflexes because it is highly possible 
that the facilitatory (to superficial fibres) and inhibitory (to deep muscle fibres) effects 
neutralised by each other. Another possible reason could be, as mentioned earlier, it 
seems that the blink reflexes were predominantly affected by the strong and painful 
supraorbital stimuli. Thus, it is possible that any effect of HFS conditioning might have 
been masked when both superficial and deeper nerve fibres had been lively activated by 
the supraorbital stimulation on the forehead.   
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Methodological Limitations  
 There are few major limitations in the present study. The first one is the reliance 
on self-report measures of sensation and pain ratings. In order to overcome this 
limitation, more objective measure of blink reflexes activity were employed. 
Second, no matter which body area, the psychophysical tests failed to observe 
any significant hyperalgesia or analgesia to pressure-pain sensation. As discussed 
before, primary or secondary hyperalgesia to pressure-pain and forehead analgesia to 
pressure-pain have been clearly demonstrated after HFS conditioning in previous 
studies using similar testing equipment and settings. Thus, it was expected that we 
could replicate those findings. One possible reason that we failed to do so, might be due 
to the lack of familiarisation and practice before testing to allow more time for the 
experimenter to operate the algometer (to get the pressure pain threshold) more 
consistently, and also for the participants to learn how to accurately differentiate 
sensations from pressure to pressure-pain. Although a clear instruction was given to 
every participant prior to testing (such as “I will keep pushing this (the algometer) and 
please say ‘stop’ immediately when you start to feel the pain”), when certain force had 
been applied to skin, the feeling of pressure and the feeling of pain because of the 
pressure might be confusing for some of the participants if that was the first-time 
experience. They might have said stop too early when they were only feeling the 
pressure without pain, or they might have said stop too late when they took extra time to 
realise that they were actually feeling the pain. However, based on past research, 
pressure-pain sensation can be assessed reliably using algometers (Kinser, Sands, & 
Stone, 2009). Although in the present study, there were practices prior to the testing to 
get both experimenter and participants becoming familiar with all the test equipment, 
perhaps that was not enough. Therefore, in the future, it will be better if there is a 
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preliminary procedure (such as setting a certain period of time only for this purpose) for 
fresh experimenters and participants to have adequate familiarisation and practice prior 
the formal testing to ensure that more reliable testing data would be obtained. This 
limitation can also apply to other sensation tests, such as the von Frey’s monofilament 
and pinprick tests as we also failed to replicate the hyperalgesia or analgesia effect on 
certain body areas. This might partly be due to the lack of adequate practice for the 
experimenter to operate the testing equipment in a reliable and consistent way. For 
example, if the experimenter couldn’t apply the von Frey’s monofilament to the 
participants’ skin using a consistent force every time, the sharpness or pain ratings 
would be inconsistent regardless of the HFS conditioning effect. Therefore, the 
preliminary procedure would help the experimenter practice well and be able to operate 
the testing equipment in a reliable and consistent way.          
Another major limitation comes from the testing sequence. As discussed above, 
the second-round psychophysical data was collected after the first-round blink reflexes 
test and HFS conditioning. Therefore, both HFS and supraorbital stimulation may have 
influenced the second-round psychophysical data. Thus, the final outcome was actually 
a mixed result. Also, according to the diffuse noxious inhibitory controls (DNIC) 
mechanism, there would be a decrease in sensitivity due to a remote painful stimulus. 
Thus, the painful supraorbital stimulation on the forehead might result a remote 
analgesic effect on the forearm and neutralise the hyperalgesia effect caused by HFS 
conditioning. This might be one of the reasons that why we could not observe the 
expected primary and secondary hyperalgesia to pinprick and pressure-pain sensations 
after HFS. Therefore, to avoid this confusion in the future, blink reflex tests should be 
separated from psychophysical tests. And, as suggested by past research (such as Vo 
and Drummond (2013)), the effect of HFS conditioning would persist for at least two  
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hours, thus, there should be at least several hours gap between psychophysical tests and 
blink reflex tests in order to ensure that no residual HFS effect from the first round test 
influences the second round outcome.  
The last major limitation is coming from the imperfect way to use the large 
surface electrodes for the supraorbital stimulation. As discussed above, the large surface 
electrodes with a high current level would successfully activate deep muscle nerve 
fibres, but, unavoidably, the superficial nociceptive nerve fibres were also activated 
simultaneously. Therefore, it is still unknown whether HFS conditioning affects blink 
reflexes elicited by stimulation of deep muscle fibres. As suggested in previous study 
(Vo & Drummond, 2012), it would become a more objective and suitable way to 
correlate of the ipsilateral forehead analgesia to pressure-pain after HFS if we could 
prove that there is an inhibitory effect of HFS on the blink reflex activity stimulated 
only by deep muscle fibres. Based on past research (Kaube et al., 2000), one of the 
possible solutions to solve the problem, that large surface electrodes activate both 
superficial and deep muscle fibres at the same time, would be to apply the local 
anaesthetic cream on the supraorbital area to block the activity of superficial nerve 
fibres, such as the lidocaine/prilocaine cream 2.5% (EMLA cream) used in Kaube et al. 
(2000) study. As demonstrated in their study, the majority of A-delta and C-fibres were 
blocked by the superficial application of this EMLA cream. Therefore, in the future, this 
kind of cream could be used with large surface electrodes to elicit blink reflexes, so we 
will be able to observe the activity of deep muscle fibres without the inferences of the 
superficial nerve fibres.       
Conclusions 
 On the one hand, the results of this study provide further evidence for 
understanding the underlying mechanisms (such as the diffuse noxious inhibitory 
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controls mechanism or the stress-induced analgesia) that influence healthy individuals’ 
perception of pain. On the other hand, due to these major methodological limitations, 
the present study only partially supported the hypothesis that hyperalgesia would 
develop on the HFS conditioned forearm whereas analgesia would develop on the 
forehead and feet. No evidence was obtained to support the hypothesis that HFS 
conditioning would produce an inhibitory effect on the blink reflex activity. Thus, no 
corresponding result of HFS conditioning was observed between psychophysical 
response and blink reflex activity. However, with the suggestions discussed above, 
future studies may clarify issues raised in this study. 
(Word count: 10,966) 
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Appendix B 
List of Removed Outliers Identified at the Preliminary Stage of SPSS Analysis  
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Total Number 
Case 
Number 
Forearm ! !
Mild Sharpness 2 8,11 
Pain Ratings to Mild Sharpness 2 8,11 
Pressure-pain Threshold 1         4 
Forehead   
Mild Sharpness          3!    9, 11, 23!
Intense Sharpness 2 6, 11 
Pain Ratings to Intense Sharpness 2 6, 11 
Pressure-pain Threshold 2 4, 19 
Foot   
Mild Sharpness         2!       9, 11!
Pain Ratings to Mild Sharpness 2 9, 11 
Intense Sharpness 1 6 
Pain Ratings to Intense Sharpness 1 6 
Pressure-pain Threshold 1 4 
Blink Reflex Test   
Latency         4!   1, 4, 5, 19!
AUC 2 17, 26 
AUC Change (%) 1 26 
Note. Mild Sharpness = Sharpness to Von Frey’s Monofilament; Intense Sharpness = Sharpness  
to Pinprick.    
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Appendix C 
Fmax Test for Homogeneity of Variance  
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable 
Largest 
Sample 
Variance 
Smallest 
Sample 
Variance 
Fmax 
    
Forearm    
Mild Sharpness 2.16 0.94 5.28 
Pain Ratings of Mild Sharpness 1.02 0.66 2.39 
More Intense Sharpness 2.23 1.99 1.26 
Pain Ratings of More Intense Sharpness 2.07 1.25 2.74 
Heat 1.96 1.63 1.45 
Pain Ratings of Heat 2.47 1.8 1.88 
Pressure-pain Threshold 0.32 0.26 1.51 
Forehead    
Mild Sharpness 1.21 0.86 1.98 
Pain Ratings of Mild Sharpness 0.94 0.71 1.75 
More Intense Sharpness 2.35 1.92 1.50 
Pain Ratings of More Intense Sharpness 1.75 1.31 1.78 
Heat 1.13 1.96 0.33 
Pain Ratings of Heat 2.23 1.29 2.99 
Pressure-pain Threshold 2.53 1.82 1.93 
Foot    
Mild Sharpness 1.31 0.78 2.82 
Pain Ratings of Mild Sharpness 1.18 0.59 4.00 
More Intense Sharpness 2.41 1.98 1.48 
Pain Ratings of More Intense Sharpness 2.2 1.92 1.31 
Heat 2.33 1.96 1.41 
Pain Ratings of Heat 2.47 1.8 1.88 
Pressure-pain Threshold 0.32 0.3 1.14 
Blink Reflex    
Latency 2.3 1.66 1.92 
AUC 0.17 0.12 2.01 
Percentage Change of AUC after HFS  0.21 0.26 0.65 
Note. Mild Sharpness = Sharpness to Von Frey’s Monofilament; More Intense Sharpness = Sharpness to Pinprick; 
Fmax = Largest Sample Variance2/Smallest Sample Variance2; According to Tabachnick and Fidell (2007), 
homogeneity of variance can be assumed when Fmax is less than 10.  
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Appendix D 
Summary of All the Non-Significant SPSS Results 
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Appendix E 
Symmetry of Forehead Sensitivity before HFS Conditioning  
 
 
 
 
 
 
 
 
 
 
 
 
   
 
  
 
 
 
 
